ABSTRACT: Structural parameters of Scots pine stands (129-191 years) on their natural sites (270-600 m a.s.l.) are described on 6 permanent research plots (PRP; 3 in managed stands using near-natural silvicultural practices and 3 in stands without active forest management for 3 decades at least) in areas of western, central and eastern Bohemia and in the Polish part of the Krkonoše Mts. In the framework of the study structural and growth parameters, horizontal and vertical structure and biodiversity were evaluated on the plots. A comparison of the plots, and of managed and unmanaged plots showed a relatively high variability in different parameters. Nevertheless, the results document that managed stands, compared to forest stands without management, mostly have significantly higher standing volumes (1.5 times in total and 1.7 times in pine), which is caused by more extreme sites. An opposite trend was found out in dead wood volume, which is distinctly higher in unmanaged stands. Differences in the other parameters are not so pronounced, probably because small-scale management is used and because a relatively short time since the stands were left to spontaneous development has elapsed (30-52 years).
Differences in the structure of woody plant populations may be caused by a number of factors like distinctions in stand conditions (age, area, competitive position, growth rate, genetic properties) and site conditions (soil and climate) (Weiner 1985) . They may also result from the heterogeneity of other environmental factors, effects of herbivores or pathogens and occurrence of various disturbances (Oliver, Larson 1990; Weiner 1990; Ambrož et al. 2015) . Accordingly, it is possible to quantify the stand structure by a number of attributes including tree density, vertical distribution of crowns, canopy closure, basal area, horizontal distribution of trees, dead wood volume or inclusion of individuals in the respective tree classes (Silver et al. 2013) . Differences in structure often reflect the course of disturbances in the past, similarly like particular properties of woody plant species (Vanderwel et al. 2006; D' Amato et al. 2008) while the method and objective of their management are of crucial importance (Kaufmann et al. 2000; Crow et al. 2002; Rouvinen, Kuuluvainen 2005; Bílek et al. 2011; Vacek et al. 2014 ).
In commercial forests ecological management is generally considered as a tool of homogenization of their stand structure (Uotila et al. 2001 (Uotila et al. , 2002 . In this context, a number of studies have been published (Stephenson 1999; Spies 2004) in which, for fear of biodiversity decrease in commercial forests, such management strategies were investigated that would lead to a reduction of differences between commercial forests and natural or near-natural forests, whereas these strategies should ensure higher structural differentiation of commercial forests at the same time (Silver et al. 2013) .
For an expansion of silvicultural practices that are inspired by natural variability of forests it is necessary to know structural parameters of particular tree species in near-natural forests (Burrascano et al. 2011) . Attention has been focused mainly on climax tree species while rather limited attention has been paid to Scots pine. Exceptions are only pine stands in boreal and Mediterranean areas (cf. Rouvinen, Kuuluvainen 2005; Montes et al. 2005 Montes et al. , 2008 . The objective of the present paper was to evaluate the structure of managed (PRP 1-3) and unmanaged (PRP 4-6) stands with natural dominance of Scots pine in the conditions of Central Europe. The selection of plots was done deliberately so that it would characterize small-scale silvicultural practices that are rather exceptional in the pine as a light-demanding tree species. The basic hypothesis was that the stands managed in this way have a similar structural variability like stands without active forest management.
MATERIAL AND METHODS
Description of the study sites. The study was conducted at sites with the natural occurrence of Scots pine (Pinus sylvestris L.) on six permanent research plots (PRP; 3 managed stands and 3 unmanaged stand for 3 decades at least) in the area of western, central and eastern Bohemia and in the Polish part of the Krkonoše Mts. (Karkonosze). PRPs were mostly 50 × 50 m in size (0.25 ha) but PRP 1 was 25 × 50 m (0.125 ha) and PRP 6 was 40 × 60 m (0.24 ha). The main characteristics of managed stands are use of natural regeneration under the shelter of parent stand, long regeneration and rotation period, free felling policy with the objective to create complex forest structure and rejection of large and abrupt cover release. Cutting frequency is from 5 to 10 years. Measurements were performed in 2014 and 2015 before planned cuttings. Fig. 1 shows the localization of PRPs and Table 1 documents the basic data on PRP.
Data collection. To determine the tree layer structure of woody plants of forest ecosystems the FieldMap technology (IFER-Monitoring and Mapping Solutions Ltd., Strašice, Czech Republic) was used. During particular measurements the position of all tree layer individuals of breast height diameter above 8 cm was localized. Tree heights, heights of the live crown base and crown perimeter were measured, at least at 4 directions perpendicular to each other. Breast height diameters were measured with a metal calliper to the nearest 1 mm. Heights and heights of the live crown base were recorded with a laser Vertex hypsometer to the nearest 0.1 m.
Data analysis. In all individuals of the tree layer structural and growth parameters, quantity and quality of production, horizontal and vertical structure and biodiversity were evaluated on particular plots. Tree volume was calculated using the volume equations published by Petráš and Pajtík (1991) .
To determine the spatial distribution HopkinsSkellam index (Hopkins, Skellam 1954) , PielouMountford index (Pielou 1959; Mountford 1961 ), Clark-Evans index (Clark, Evans 1954 ) and Ripley's L-function (Ripley 1981) were computed. The David-Moore index (David, Moore 1954 ) was used as a distribution index based on tree frequency in the particular quadrats. The size of (Fabrika, Ďurský 2005) . In graphical outputs the black line represents the L-function for actual distances of individuals on PRP, the thick blue line shows the mean curve of random spatial distribution of trees and two thinner central curves document the 95% reliability interval. When the black line of tree distribution on PRP is below this interval, it indicates the tendency of regular distribution of individuals, and if it is above this interval, it shows the tendency of aggregated spatial pattern. Stand density, biological canopy (the sum of all crown projection areas/total area of PRP) and mensurational canopy (the horizontal area covered by crowns/total area of PRP) were derived during the study of horizontal structure on PRP. Situational maps were created in the ArcGIS (ESRI, Redmont, USA).
In the framework of biodiversity evaluation these indices were computed: diameter differentiation index (TM d ), height differentiation index (TM h , values of indices 0-1) (Füldner 1995), species diversity index (Shannon 1948) , species evenness index (Pielou 1975) , Arten-profil index (A, values of indices 0-1) (Pretsch 2006) and total diversity index (B < 4 -monotonous structure and B ≥ 9 -highly structured stands) (Jaehne, Dohrenbusch 1997) . Index D (Mi) and index G (Gi) (Gini 1921; Sterba 2008) were also calculated.
Unconstrained principal component analysis (PCA) in Canoco for Windows 4.5 (ter Braak, Šmilauer 2002) was used to analyse the relationships between volumes of living trees, mean diameter at breast height, mean height, living tree density, crown projection area, and structural diversity indices in order to reveal similarity of all records. Data were log-transformed, centred and standardized before the analysis. The results of the PCA analysis were visualized in the form of an ordination diagram constructed by CanoDraw. Table 2 shows the basic stand characteristics. The numbers of living trees (DBH ≥ 8 cm) in the tree layer are between 556 and 1,248 trees·ha -1 Table 2 . An overview of basic stand characteristics of tree layer on PRPs Age -average stand age, QMD -mean quadratic breast height diameter, SD -standard deviation, h -mean height, h 95 -top 95% height, f -form factor, v -average tree volume, N -number of trees, BA -basal area, V -stand volume, h/DBH -slenderness quotient, CC -canopy closure, CPA -crown projection area, SDI -stand density index
RESULTS

Tree layer structure
and in Scots pine they are between 200 and 1,072 trees·ha -1
. The relative stand density (SDI) is consistent with these numbers, which is between 0.55 and 0.98 in the tree layer and in pine it is between 0.35 and 0.92. The average basal area is very different in the particular PRPs due to their site Compared to managed forests, standing volumes in unmanaged forest stands are mostly considerably lower (1.5 times in total and 1.7 times in pine). Fig. 2 . illustrates the layout of the horizontal structure of tree layer on PRPs 1-6, where fallen stems are also seen when their amount is markedly higher in unmanaged forests. Table 3 shows the horizontal structure of tree layer by means of structural indices. According to the computed structural indices, regular distribution is dominant in all individuals of the tree layer in managed stands (PRPs 1-3) . Only the David-Moore index shows aggregated distribution on PRP 1 and random one on PRP 3. According to the studied indices the aggregated distribution of individuals with breast height diameter within 20 cm is dominant on these plots, only on PRP 1 the distribution is regular according In unmanaged stands (PRPs 4-6) the aggregated distribution of trees across the plots generally prevails in all individuals of tree layer. The evaluation by Clark-Evans index is an exception on all plots because the distribution is regular, similarly like on PRP 1 by Hopkins-Skellam index and David Moore index. In individuals with breast height diameter within 20 cm aggregated distribution is dominant on these plots according to the studied indices, only on PRP 4 the distribution is regular according to Clark-Evans index. In individuals from 20 cm of breast height diameter the distribution is regular on PRP 4 and 6 and mostly aggregated on PRP 5, only according to Pielou-Mountford index the distribution is random.
The horizontal structure of woody plants of tree layer on PRPs 1-6 is mostly random according to the L-function (Fig. 3) . Only on PRP 1 it is regular within 1.8 m, on PRP 2 it is regular in the range of 1-2.5 m and on PRP 3 between 1.5 and 3.5 m. PRP 3 is also an exception where trees with the spacing of 4-6 m show a tendency of moderate aggregation.
Figs 4 and 5 illustrate diameter frequencies of tree layer and the relation of breast height diameter to tree height on PRP. The distribution of diameter classes indicates differences between particular PRP, especially with regard to their regeneration potential, which is very pronounced on PRPs 1, 3 and 5 as a result of the high representation of individuals in the first two diameter classes, which causes an atypical distribution of diameter classes for pine stands. The succession of the growing- - There is a specific situation on PRP 6, where the mortality of the youngest individuals is very high due to very extreme site conditions of relict pinewoods. Unlike the other PRPs, regeneration on this plot is not cyclical while it is more or less continuous but very sporadic. The relation of breast height diameter and tree height on PRP suggests differences between stands on natural pinewood sites (PRPs 1-4) and in relict pinewoods (PRPs 5 and 6). Table 4 documents the indices describing tree layer diversity on PRPs 1-6. Species richness of the tree layer evaluated by D(Mi) index is low on PRP 3 and 5, intermediate on PRP 1 and 2, high on PRP 6 and very high on PRP 4. Species diversity of the tree layer according to entropy H´(Si) is minimum on PRP 3, low on PRPs 1, 2, 4 and 5 and intermediate on PRP 6. Species evenness of the tree layer according to E (Pii) index is minimum on PRP 3, low on PRPs 1, 2, 4 and 5 and high on PRP 6. Vertical structure is relatively variable as it is moderately differentiated on PRPs 1-4, strongly differentiated on PRP 5 and very strongly differentiated on PRP 6. According to the diameter differentiation index TM d (Fi) differentiation is small on PRP 3 and moderate on the other plots; according to the height differentiation index TM h (Fi) small differentiation is on PRPs 2-6 and moderate differentiation on PRP 1. With regard to complex diversity B (J&Di) even structure is on PRP 3, uneven structure is on PRPs 1, 2, 4 and 5 and differentiated structure on PRP 6. High values of index G (Gi) typical of stands with the negatively exponential distribution of diameter classes were found out on PRPs 1, 3, 5 and 6 and lower values typical of stands with normal distribution were observed on PRP 2 and 4.
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Result of PCA analysis
The first ordination axis explained 47.2% of data variability, the first two axes in total explained 72.8% and the first four axes in total explained 95.4% of data variability (Fig. 6) . The first y-axis represented number of trees and stand volume by diameter differentiation index and height differentiation index. The second x-axis represented DBH and precipitation by Arten-profil index, both aggregation indices and Gini index. Mean height of trees was positively correlated with temperature, crown projection and DBH, while these parameters were negatively correlated with altitude. Number of trees was positively correlated with diameter differentiation index, height differentiation index and species richness index. Stand volume was negatively correlated with altitude. Precipitation, species evenness index, species diversity index, Gini index, Pielou-Mountford aggregation index and total diversity index were positively correlated with one another, while these parameters were negatively correlated with DBH and Clark-Evans aggregation index. Diameter (DBH) and species richness index were of relatively small importance to explain the data variability. PRPs were very different from one another, but managed plots occupied the left upper part of the diagram typical of higher stand volume, while higher aggregation and partially higher structural diversity (vertical and tree species) were characteristic of unmanaged stands. On the other hand, some structural characteristics of the studied managed plots are very similar to those of stands without active management. Table 4 . Indices describing the diversity of tree layer on PRPs 
DISCUSSION
Our study was focused on a comparison of pine stands without active forest management and intensively managed stands using near-natural silvicultural practices. Related to this topic, more information is available from the area of southern and northern Europe (Angelstam, Kuuluvainen 2004; Montes et al. 2005; Poyatos et al. 2013; Martín-Alcón et al. 2015) , but in conditions of central Europe researchers paid attention mainly to stands being composed of shade-tolerant species such as spruce, beech and fir.
Our study did not reveal any larger differences in the density of commercial stands and stands without management. This trend is also evident from a comparison of diameter frequencies in particular diameter classes when there are no distinct differences between managed and unmanaged plots. Nevertheless, the distribution of breast height diameters in the stand is similar like in other papers where unimodal, multimodal, decreasing or irregular distribution is usually reported . It is to note that the unimodal distribution of breast height diameters occurs e.g. after the total bark beetle disturbance of parent stand with relatively fast natural regeneration, while after a smaller disturbance a part of trees remains in the stand, which increases its structural variability (Franklin et al. 2002) . In this case, in relation to subsequent diversification of regeneration, multimodal, decreasing or irregular distribution of breast height diameters occurs (Lampainen et al. 2004) .
Based on the evaluation of results describing the horizontal structure of tree layer it is to state that a regular distribution of trees is dominant in general in the studied managed forests while unmanaged stands show an aggregated tree distribution. In both variants of management trees with DBH ≤ 20 cm tend to aggregation. Such a trend was also documented by Larson et al. (2012) or Lydersen et al. (2013) . Tuten et al. (2015) also found out a high degree of aggregated distribution of trees in a pine stand, especially within a distance of 10 m. Sánchez et al. (2011) documented statistically significant aggregated distribution to a distance smaller than 40 m with the peak of aggregation at a distance of 6-8 m. In studied Scots pine stands aggregated structures of younger trees may indicate inclination to gap regeneration dynamics related to autogenic disturbances (mortality and self-thinning) or cohort dynamics related to partial disturbances (Angelstam, Kuuluvainen 2004) . In natural pine stands partial and low-intensity disturbances are mainly caused by fire or windthrow. In managed forests these disturbance regimes are replaced by final harvest, which creates the opportunity for establishment of new tree cohorts. The size and texture then depend on the spatial pattern and intensity of silvicultural treatment. In general, for the regeneration of light-demanding tree species more intense treatment is required.
Biodiversity plays a crucial role in all ecosystem components (Mace et al. 2012) , and in recent decades efforts aimed at its increase or maintenance have become a new objective of forest managers (Millar et al. 2007; Bauhus et al. 2009; Fraver, Palik 2012 ). An important influence of stand structure on the formation of ecosystem processes and biological diversity was well documented by Spies (1998) .
The evaluation of tree layer biodiversity on the basis of selected structural indices shows relatively distinct differences within the studied plots. These results are generally consistent with Gao et al. (2014) , who demonstrated that mature stands with multilayer structure usually have higher species diversity, especially in mixed conifer-broadleaved forests with disturbed canopy. Barbier et al. (2008) or Chávez and MacDonald (2012) considered combined effects of several factors such as age, canopy density and species composition to be determinant for species diversity. According to Smith et al. (2008) and Coote et al. (2013) a change in species composition is closely related to differences in light conditions, developmental stages and tree species composition of the stand. Last but not least, stand biodiversity is significantly influenced by forest management (Zobel et al. 1993) . Lust et al. (1998) stated that in old pine stands some tree species may grow as spontaneous intermediate trees which subsequently contribute to more complex structure and higher biological diversity. Similar results were published by MacLachlan et al. (2000) or Liira et al. (2007) , who described lower heterogeneity, density or lower complexity of structural attributes from stands with strong anthropogenic impacts. In some cases, development and especially the spontaneous growth of intermediate trees of autochthonous species in pine stands may be disturbed by undesirable expansion of allochthonous species (Maddelein et al. 1990 ). Peterken (1981) specified measures that help increase the total diversity of forest ecosystems. They involve a long conversion period, longer rotation period, use of autochthonous species, support of natural regeneration or specific measures for the protection of heterogeneous microsites. Lindenmayer and Franklin (2002) considered a longer rotation period as an especially important principle because it subsequently allows the higher complexity of structural parameters and larger similarity to natural forests (Silver et al. 2013) .
CONCLUSIONS
Where required, close-to-nature silviculture is a viable model for creating more complex forest structure in stands naturally dominated by Scots pine. The use of natural regeneration under the shelter of parent stand, longer regeneration and rotation period than usual, and rejection of large and abrupt cover release have led to forest structures that are relatively similar to stands without active forest management for 30-52 years. Nevertheless, for the continuous viable regeneration of managed pine stands, constantly lower canopy density is a necessity. For a better understanding of the growth and productivity of such stands, a longer research period is needed.
